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Questions, questions
nStandard Model remarkably successful theory

nGravitation does not fit in the SM framework
nDark matter, Dark energy

nHierarchy problem, strong CP problem...

2

Strong

Fundamental
Interactions

Electro-Magnetic

Weak

Gravitation??

 [GeV]4lm
80 100 120 140 160 180

Ev
en

ts
 / 

3 
G

eV

0

2

4

6

8

10

12 Data

Z+X

,ZZ*
!Z

=126 GeVHm

CMS Preliminary -1 = 8 TeV, L = 5.26 fbs ; -1 = 7 TeV, L = 5.05 fbs

ge � 2

2
= 0.00115965218073(28)

Anomalous magnetic dipole moment



SlideB ! D(⇤)⌧⌫Manuel Franco Sevilla


u
�
c
s

�

b

�

Motivation
n Charged Higgs required in multiple New Physics scenarios
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Motivation
n Searches for a charged Higgs at BaBar
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B ! Xs�

qB{ }Xs
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W– γ
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Figure 1.1. Parton-level b → sγ diagram in the SM. In New Physics
scenarios, NP particles can propagate in the loop.

charged. Since both doublets acquire a vacuum expectation value, the ratio of the

two can be expressed as a parameter tanβ. The decay amplitude of the B → Xsγ

branching fraction, which now includes a diagram where the charged Higgs H−

replaces the W− in the loop, can then be written schematically as

Atotal = AW (m2
t /m

2
W ) + A1

H(m2
t /m

2
H) +

1

tan2 β
A2

H(m2
t /m

2
H) (1.1)

where mt and mH are the top-quark and charged Higgs masses, respectively. The

amplitude AW is the SM contribution, and A1,2
H are additional contributions due

to the charged Higgs [40]. To obtain a constraint on the Higgs mass from a

measurement of the B → Xsγ branching fraction, the decay width (|Atotal|2) is

inverted to give the dependence of mH on tanβ and the branching fraction. For

tanβ ! 2, the constraint on the Higgs mass becomes largely independent of tanβ.

The B → Xsγ constraint on the charged Higgs mass as a function of tanβ

as obtained by the Gfitter group [32] is shown in the left plot of Figure 1.2. The

experimental world average of B(B → Xsγ) = (3.52 ± 0.23 ± 0.09) × 10−4 [39]

gives a constraint of mH ! 260 GeV/c2 at 95% confidence level. Measurements of
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Figure 4: Feynman diagram for B → D(∗)τ−ντ in a supersymmetric model.

servation of B → D(∗)τ−ντ is possible with B-factory data samples available
today.

1.5 Methodology

Because of the large expected background from other B → Xc#−ν" decays
and the lack of a τ mass peak, we have designed very tight selection criteria.
By imposing such constraints on signal candidates, we hope to reduce, as
much as possible, the contamination due to misreconstructed or partially
reconstructed events.

The key to performing this analysis at BABAR is to use the so-called
“semiexclusive B reconstruction” technique to fully reconstruct one B meson
in a hadronic final state. This Btag sample includes more than 1000 different
final states, and yields approximately 2000 fully-reconstructed B mesons per
fb−1.

After fully reconstructing the Btag candidate, we reconstruct D(∗) and τ
candidates from the remaining particles in the event. D(∗) mesons are recon-
structed in a variety of hadronic modes, while τ candidates are reconstructed
in the cleanest channels, the leptonic decays τ → #−ν"ντ , in which only the
charged lepton # is actually observed.

A key part of the signature of a signal event is large missing four-momentum
due to the neutrinos. Our signal extraction will be based largely on the miss-
ing mass squared, defined as

m2
miss ≡ (pmiss)

2 = (pΥ − ptag − pD(∗) − p")
2 , (1)
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Figure4:FeynmandiagramforB→D(∗)τ−ντinasupersymmetricmodel.
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today.
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servation of B → D(∗)τ−ντ is possible with B-factory data samples available
today.

1.5 Methodology

Because of the large expected background from other B → Xc#−ν" decays
and the lack of a τ mass peak, we have designed very tight selection criteria.
By imposing such constraints on signal candidates, we hope to reduce, as
much as possible, the contamination due to misreconstructed or partially
reconstructed events.

The key to performing this analysis at BABAR is to use the so-called
“semiexclusive B reconstruction” technique to fully reconstruct one B meson
in a hadronic final state. This Btag sample includes more than 1000 different
final states, and yields approximately 2000 fully-reconstructed B mesons per
fb−1.

After fully reconstructing the Btag candidate, we reconstruct D(∗) and τ
candidates from the remaining particles in the event. D(∗) mesons are recon-
structed in a variety of hadronic modes, while τ candidates are reconstructed
in the cleanest channels, the leptonic decays τ → #−ν"ντ , in which only the
charged lepton # is actually observed.

A key part of the signature of a signal event is large missing four-momentum
due to the neutrinos. Our signal extraction will be based largely on the miss-
ing mass squared, defined as

m2
miss ≡ (pmiss)

2 = (pΥ − ptag − pD(∗) − p")
2 , (1)
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✤ Various uncertainties cancel in ratio
✓ Theoretical: Vcb, FFs
✓ Experimental: same final state particles

n We measure ratios

Measurements
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Figure 1: Values of R(D(∗)) and its total uncertainties.

Table 1: Previous measurements of B → D(∗)τ−ντ . Σ is the total significance of the signal yield. Belle 2007 and
2010 measured B(B → D(∗)τ−ντ ) instead of R(D(∗)), so B(B → D(∗)$−ντ ) values found in ? were used to calculate
R(D(∗)).

Belle, 2007 BABAR, 2008 Belle, 2010

535M BB pairs 232M BB pairs 657M BB pairs

Mode Events Σ(σ) Events Σ(σ) Events Σ(σ)

B → Dτ−ντ — — 67± 19 3.6 146± 42 3.5

B → D∗τ−ντ 60± 12 5.2 101± 19 6.2 446± 57 8.1

R(D(∗)) =
B(B → D(∗)τ−ντ )

B(B → D(∗)$−ν")
=

Nsig

Nnorm
×

εnorm
εsig

(1)

R(D) =

{

0.440± 0.072 BABAR

0.297± 0.017 SM
(2)

R(D∗) =

{

0.332± 0.030 BABAR

0.252± 0.003 SM
(3)⌧� ! `�⌫`⌫⌧

Normalization
(`� = e� or µ�

)
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R(D)
0.2 0.4 0.6 0.8

BaBar 2008
 0.13±0.42 

Belle 2009
 0.16±0.59 

Belle 2010
 0.11±0.35 

SM Aver.

R(D*)
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Belle 2007
 0.12±0.44 

BaBar 2008
 0.06±0.30 

Belle 2009
 0.10±0.47 

Belle 2010
 0.08±0.43 

SM Aver.

657M BB

232M BB

657M BB

535M BB

Measurements

n We measure ratios

n Previous measurements exceed SM by 1-2 σ 

n We update BaBar 2008 with 2x data and 3x efficiency
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Table 1: Previous measurements of B → D(∗)τ−ντ . Σ is the total significance of the signal yield. Belle 2007 and
2010 measured B(B → D(∗)τ−ντ ) instead of R(D(∗)), so B(B → D(∗)$−ντ ) values found in ? were used to calculate
R(D(∗)).

Belle, 2007 BABAR, 2008 Belle, 2010

535M BB pairs 232M BB pairs 657M BB pairs

Mode Events Σ(σ) Events Σ(σ) Events Σ(σ)

B → Dτ−ντ — — 67± 19 3.6 146± 42 3.5

B → D∗τ−ντ 60± 12 5.2 101± 19 6.2 446± 57 8.1

R(D(∗)) =
B(B → D(∗)τ−ντ )
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=
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Nnorm
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εnorm
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R(D) =
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(3)
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PEP-II storage rings

n Operation 1999-2008

n Linear accelerator injects 
in PEP-II (βγ = 0.56)
n 9.0 GeV electrons e-

n 3.1 GeV positrons e+
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e�

e+
⌥(4S)

B

B

m(⌥(4S)) = 10.58 GeV

CM energy
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The BaBar detector

n Good lepton ID 
n Good hadron ID (π/K sep.)
n 91% solid angle coverage
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ν (1.2 GeV)

µ- (3 GeV)
ρ0 → π+π-

Drift 
chamber Vertex 

detector

Electromagnetic
calorimeter

Cherenkov
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Muon detector
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B� ! ⇢0µ�⌫µ
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Event reconstruction
n Fully reconstructed tag B

n Efficiency 2x previous 
analysis
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5.1. BTAG RECONSTRUCTION 33
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Figure 5.1: mES distributions for the BSemiExcl skim: a) 5 fb−1 data sample, and b) BB Monte
Carlo simulation with one B decaying into generic hadronic modes and the other one into τντ .

The Btag candidates are selected by the BSemiExclAdd skim,1 developed in 2008 as an expansion

of the BSemiExcl skim. It is one of the main reasons for the trebling of the efficiency with respect to

the previous BABAR analysis, and is especially suited for low background analyses, such as B → τντ

or B → D(∗)τντ , that are statistically limited and where, therefore, maximizing the reconstruction

efficiency is crucial.

5.1.1 BSemiExcl Skim

The BSemiExcl skim, detailed in [39], is designed to construct hadronic B decays combining a seed

(D0, D+, D∗0 or D∗+) with a number of pions and kaons. The algorithm first creates a list of all

the possible seeds in the event and, subsequently, combines each one of these seeds with up to 5

charmless particles (π±, K±, π0 or K0
S), corresponding to 651 different decay modes or channels.

The B candidate thus formed is accepted if it satisfies certain limits on ∆E and mES
2 that take into

account the experimental resolution.

This procedure, with no conditions on the rest of the event, accepts large numbers of combinato-

rial B candidates (random combinations of particles that pass the kinematic requirements). Because

of this, and because of the large amount of disk space needed to write out all candidates, it was

decided to place a cut on the purity of each decay mode, defined as the fraction of B candidates that

are correctly reconstructed for mES > 5.27 GeV. This purity is determined from a fit to the mES

of a data sample, modeling the signal and background distributions with a Crystal Ball [40] and an

ARGUS [41] function, respectively. Only channels with a purity greater than 8% are used, leaving

out approximately 75% of the Btag candidates. The resulting efficiency of the skim is 0.21%.

1Skims are algorithms that select a subset of the data sample by placing very loose requirements.
2mES > 5.18 GeV and a ∆E window that ranges from (-45, 30) MeV for the cleanest modes, to (-90, 60) MeV

Eff.:  0.21%
Purity: 91%

Old Btag : Xc = D,D⇤

630 decay chains

5.1. BTAG RECONSTRUCTION 35

Table 5.1: BSemiExcl (left table) and BSemiExclAdd (left and right tables) seed decay modes. The
rows labeled “Extra D0” refer to the additional D∗ decays reconstructed due to the additional D0

decays added. The branching fractions only include the pion and kaon channels, that is, they are
calculated as B(seed → decaymode) × [B(B → seedπ) + B(B → seedK)]. Thus, these constitute
just an estimate of how much each channel contributes to the skim rate. The individual branching
fractions are taken from [9].

BSemiExcl(Add) seeds B(10−5)
D0 → K−π+π0 72.9

→ K−π+π−π+ 42.5
→ K−π+ 20.4
→ K0

Sπ
+π− 15.7

D+ → K−π+π+ 26.6
→ K0

Sπ
+π0 19.6

→ K−π+π+π0 17.3
→ K0

Sπ
+π+π− 8.7

→ K0
Sπ

+ 4.2
D∗0 → D0π0 100.2

→ D0γ 61.7
D∗+ → D0π+ 53.3

Total 442.9

BSemiExclAdd seeds B(10−5)
D0 → K0

Sπ
+π−π0 28.3

→ π+π−π0 7.5
→ K0

Sπ
0 6.4

→ K+K− 2.1
→ π+π− 0.7

D+ → K+K−π+π0 7.8
→ K+K−π+ 2.8

D∗0 → Extra D0 48.2
D∗+ → D+π0 27.5

→ Extra D0 32.6
D+

s → φπ+ 0.2
→ K0

SK
+ 0.1

D∗+
s → D+

s γ 0.3
J/ψ → e+e− 6.3

→ µ+µ− 6.3
Total 177.0

b)
a)

Signal: 39,571
Background: 404,313
Purity: 8.9%

Signal: 100,689
Background: 34,351
Purity: 74.5%
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Figure 5.2: mES distributions for the BSemiExclAdd skim: a) 5 fb−1 data sample, and b) Monte
Carlo simulation with one B decaying into generic hadronic modes and the other one into τντ .

Eff.:  0.40%
Purity: 75%

New Btag : Xc = D,D⇤, D+
s , D⇤+

s , J/ 

1,768 decay chains
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Event reconstruction
n Fully reconstructed tag B

n Efficiency 2x previous 
analysis

n D(*): D0, D*0, D+, D*+

n                   (improved PID)

n q2 > 4 GeV2

n pmiss > 200 MeV
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Figure 5.4: Muon momentum distribution measured in the laboratory for a) truth-matched, and
b) non-truth-matched candidates in a 700 fb−1 MC sample after the Btag and D(∗) have been
reconstructed. The numbers in the legend indicate the entries of each distribution. The new PID
algorithm is much more efficient and extends to lower momentum, at a cost of 10 times higher
mis-identification rate.

5.4 Vertex fit and candidate selection

After a BtagD(∗)! combination is selected, events with additional tracks not used in the reconstruc-

tion are rejected. The resulting candidates are re-fitted to improve the momentum resolution, which

in turn, enhances the m2
miss resolution.

The fit is performed using the TreeFitter algorithm [44]. The trajectories of particle candidates

originating from the decay vertices of the Btag, Bsig and D(∗) are geometrically constrained to a

point. The Bsig vertex constraint assumes that the reconstructed lepton (e or µ) comes from said

vertex, which is not true in the case of τ leptons. However, the error incurred by this assumption is

negligible, because the average impact parameter of these secondary leptons is significantly smaller

than the vertex resolution.3 The signal D and D∗ decays are mass constrained. The Υ (4S) vertex

is constrained to the beam-spot, and its energy constrained to the energy of the colliding beam

particles.

The result of this fit is two-fold: events for which the fit does not converge, typically because

of poorly reconstructed tracks or particles that do not come from the beam-beam interaction, are

rejected, and the m2
miss resolution (the key variable in the final fit) is improved by about 25% and

becomes unbiased, as shown in Fig. 5.5.

After the BtagD(∗)! reconstruction and vertex fit, we still have several candidates per event.

Channels with greater neutral multiplicities have larger number of candidates, with an average of

1.8 candidates per event in the D0 and D+ channels, 3.1 in the D∗+ channel, and 4.8 in the D∗0

channel.

3The vertex resolution in BABAR is of the order of 100 µm. The impact parameter is 〈lτ · sinθτ"〉, where lτ is decay
length of the τ , 80 µm on average, and θτ" is the angle between the τ and the secondary # flight directions

Muons
Backgrounds

n Boosted decision tree to reject bkg.
n BB/continuum from control samples

n  
n Simultaneous fit estimates B→D**(ℓ/τ)ν

n 4 D(*)π0 control samples

` = e, µ

e+e�!uu, dd, cc, ss
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Fit PDFs: 2D
n Fit uses 56 fully two-dimensional Probability Density Functions
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Fit PDFs: Non-parametric
n We use non-parametric Kernel estimators (KEYS)
n  

14
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Simulated events

Gaussian kernels

p(X) estimated by p̂(X;xi) using the sample {xi}

With non-parametric, easy 
to trade Bias for Variance
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algorithm

Fit PDFs: Uncertainty
n Uncertainties estimated with Bootstrap algorithm

n For same statistics ⇒ larger uncertainty than analytical (parametric) PDF
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Continuum bkg.
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BB Background
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n Efficiency 3x

n Good agreement with 
previous analysis

D* channels: 1/2 data
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20082008 20122012
D*0τν D*+τν D*0τν D*+τν

Nsig 92 ± 20 16 ± 7 267 ± 35 107 ± 17
Signif. 5.8 σ 2.7 σ 8.6 σ 8.0 σ
R(D*) 0.35 ± 0.07 0.21 ± 0.17 0.31 ± 0.04 0.32 ± 0.05
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Fit results: D*τν 
n Good fit agreement
n Uncertainties statistical
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D*0τν D*+τν D*τν
Nsig 639 ± 62 245 ± 27 888 ± 63
Signif. 11.3 σ 11.6 σ 16.4 σ
R(D*) 0.322 ± 0.032 0.355 ± 0.039 0.332 ± 0.024
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D0τν D+τν Dτν
Nsig 314 ± 60 177 ± 31 489 ± 63
Signif. 5.5 σ 6.1 σ 8.4 σ
R(D) 0.429 ± 0.082 0.469 ± 0.084 0.440 ± 0.058

First observation!

D0

D+

n First 5σ observation
n Uncertainties statistical
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Systematic uncertainties

nLargest syst. due to backgrounds

nSmall uncertainty on efficiency ratio εsig/εnorm

nStatistical uncertainty dominates
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Table 2: Signal and normalization yields, the ratio of their efficiencies, R(D(∗)), branching fractions, and total
significance Σtot for the isospin-unconstrained and constrained fits.

Decay Nsig Nnorm R(D(∗)) B(B → D(∗)τν) (%) Σtot(σ)
D0τ−ντ 314 ± 60 1995 ± 55 0.429 ± 0.082 ± 0.052 0.99 ± 0.19 ± 0.13 4.7
D∗0τ−ντ 639 ± 62 8766 ± 104 0.322 ± 0.032 ± 0.022 1.71 ± 0.17 ± 0.13 9.4
D+τ−ντ 177 ± 31 986 ± 35 0.469 ± 0.084 ± 0.053 1.01 ± 0.18 ± 0.12 5.2
D∗+τ−ντ 245 ± 27 3186 ± 61 0.355 ± 0.039 ± 0.021 1.74 ± 0.19 ± 0.12 10.4
Dτ−ντ 489 ± 63 2981 ± 65 0.440 ± 0.058 ± 0.042 1.02 ± 0.13 ± 0.11 6.8
D∗τ−ντ 888 ± 63 11953 ± 122 0.332 ± 0.024 ± 0.018 1.76 ± 0.13 ± 0.12 13.2

Table 3: Signal and normalization yields, the ratio of their efficiencies, R(D(∗)), branching fractions, and total
significance Σtot for the isospin-unconstrained and constrained fits.

Decay Nsig Nnorm R(D(∗)) B(B → D(∗)τν) (%) Σtot(σ)
Dτ−ντ 489 ± 63 2981 ± 65 0.440 ± 0.058 ± 0.042 1.02 ± 0.13 ± 0.11 6.8
D∗τ−ντ 888 ± 63 11953 ± 122 0.332 ± 0.024 ± 0.018 1.76 ± 0.13 ± 0.12 13.2

Table 4: Summary of the uncertainties and correlations on R(D) and R(D∗).

Source
Uncertainty (%)
R(D) R(D∗) ρ

D∗∗&ν background 5.8 3.7 0.62
MC statistics 5.0 2.5 -0.48
Cont. and BB bkg. 4.9 2.7 -0.30
εsig/εnorm 2.6 1.6 0.22

Systematic uncertainty 9.5 5.3 0.05
Statistical uncertainty 13.1 7.1 -0.45

Total uncertainty 16.2 9.0 -0.27

2

Correlation between

R(D) and R(D⇤
)
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n Statistical 
uncertainty

n Largest 
systematic 
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Stability checks
n Results are consistent for different run periods

n Results are consistent for e Vs µ, within the large uncertainties
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EExtra after the fit
n Key variable in the BDT

n Signal peaks in EExtra 
n Re-scaled to the results of the fit
n m2miss > 1.5 GeV2
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Table 3: Signal and normalization yields, the ratio of their efficiencies, R(D(∗)), branching fractions, and total
significance Σtot for the isospin-unconstrained and constrained fits.

Decay Nsig Nnorm R(D(∗)) B(B → D(∗)τν) (%) Σtot(σ)
Dτ−ντ 489 ± 63 2981 ± 65 0.440 ± 0.058 ± 0.042 1.02 ± 0.13 ± 0.11 6.8
D∗τ−ντ 888 ± 63 11953 ± 122 0.332 ± 0.024 ± 0.018 1.76 ± 0.13 ± 0.12 13.2

Table 4: Summary of the uncertainties and correlations on R(D) and R(D∗).

Source
Uncertainty (%)
R(D) R(D∗) ρ

D∗∗&ν background 5.8 3.7 0.62
MC statistics 5.0 2.5 -0.48
Cont. and BB bkg. 4.9 2.7 -0.30
εsig/εnorm 2.6 1.6 0.22

Systematic uncertainty 9.5 5.3 0.05
Statistical uncertainty 13.1 7.1 -0.45

Total uncertainty 16.2 9.0 -0.27

2

§ First 5σ observation of B→Dτν
§ Agreement with previous measurements    

R(D)
0.2 0.4 0.6 0.8

BaBar 2008
 0.13±0.42 

Belle 2009
 0.16±0.59 

Belle 2010
 0.11±0.35 

BaBar 2012
 0.072±0.440 

SM Aver.

R(D*)
0.3 0.4 0.5 0.6

Belle 2007
 0.12±0.44 

BaBar 2008
 0.06±0.30 

Belle 2009
 0.10±0.47 

Belle 2010
 0.08±0.43 

BaBar 2012
 0.030±0.332 

SM Aver.

232M BB

657M BB

535M BB

471M BB

657M BB

Average does not 
include this analysis

PRL 109, 101802 (2012)
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Figure 1: Values of R(D(∗)) and its total uncertainties.

Table 1: Previous measurements of B → D(∗)τ−ντ . Σ is the total significance of the signal yield. Belle 2007 and
2010 measured B(B → D(∗)τ−ντ ) instead of R(D(∗)), so B(B → D(∗)$−ντ ) values found in ? were used to calculate
R(D(∗)).

Belle, 2007 BABAR, 2008 Belle, 2010

535M BB pairs 232M BB pairs 657M BB pairs

Mode Events Σ(σ) Events Σ(σ) Events Σ(σ)

B → Dτ−ντ — — 67± 19 3.6 146± 42 3.5

B → D∗τ−ντ 60± 12 5.2 101± 19 6.2 446± 57 8.1

R(D) =

{

0.440± 0.072 BABAR

0.297± 0.017 SM
(1)

R(D∗) =

{

0.332± 0.030 BABAR

0.252± 0.003 SM
(2)

2.0�

{

2.7�

{

R(D)0.2 0.4 0.6

R(
D

*)

0.3

0.4

SM

m 1
m 2
m 3
m 4
m 5

3.4�

{

R(D) and R(D*) 
not independent

-27% correlation

3.2σ with largest R(D)SM

PRL 109, 071802 (2012) 
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8 CHAPTER 2. THEORY OF B → D(∗)τ−ντ DECAYS

b c

q q

ντ

τ−

W ∗−

}D(∗)B{

Figure 2.1: Parton level diagram for B → D(∗)τ−ντ decays. The gluon lines illustrate the QCD
interactions that affect only the hadronic part of the amplitude.

where Lλτ
λW

and H
λ
D(∗)

λW
are the leptonic and hadronic currents defined as

Lλτ
λW

(q2, θτ ) ≡ εµ(λW ) 〈τ(pτ ,λτ ) ντ (pν)|τ γµ(1− γ5) ντ |0〉 (2.2)

H
λ
D(∗)

λW
(q2) ≡ ε∗µ(λW )

〈
D(∗)(pD(∗) ,λD(∗)) |c γµ(1− γ5) b|B(pB)

〉
. (2.3)

Here, p and λ refer to the four-momenta and the helicities of the different particles. In the B rest

frame, choosing the z-axis along the direction of D(∗), the four-momenta can be expressed as

pB =(mB, 0, 0, 0) pD(∗) =(ED(∗) , 0, 0, |p∗
D(∗) |) pW ≡ q =(q0, 0, 0,−|p∗

D(∗) |) . (2.4)

In terms of q2, the square of the mass of the virtual W , |p∗
D(∗) | and q0 take the form

|p∗
D(∗) | =

√
m4

B +m4
D(∗) + q4 − 2m2

Bm
2
D(∗) − 2m2

Bq
2 − 2m2

D(∗)q2

2mB
q0 =

m2
B −m2

D(∗) + q2

2mB
. (2.5)

The virtual W boson has helicities λW = ±, 0, s,1 and polarization vectors εµ(λW ). In the B rest

frame, their expressions are2

ε(±)µ =
1√
2
(0,±1,−i, 0) ε(0)µ =

1√
q2

(|p∗
D(∗) |, 0, 0,−q0) ε(s)µ =

qµ√
q2

. (2.6)

The metric factor is

η{±,0,s} = {1, 1, q
2 −m2

W

m2
W

} ≈ {1, 1,−1} . (2.7)

where mW = 80.4GeV is the mass of an on-shell W boson, and q2 is the mass of the virtual W

mediating the exchange. The average q2 value in B → D(∗)τ−ντ decays is ∼ 8GeV2, so m2
W ) q2.

Using the Dirac algebra of electro-weak theory, the leptonic currents can be easily calculated.

They are expressed as simple functions of q2 and θτ , the angle between the τ and the D(∗) three-

momenta as measured in the rest frame of the virtual W ∗.3 In this frame, these currents take the

1The s refers to the scalar state of the virtual W , which, of course, has helicity 0.
2For ε(±) we follow the sign convention of [16], which is opposite to the one in [17].
3This is the most commonly used convention, for instance, Refs. [17, 16]. However, most BABAR analyses have

n SM matrix element

n          are the leptonic currents
n Simple functions of q2 and θl

n          are the hadronic currents
n Parameterized by Form Factors

n H- enters through the scalar current
n We re-weight the simulation to account for it
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L�`
�W

H�H

�W

M�`
�M

(q2, ✓`)
���
W

=
GFVcbp

2

X

�W

L�`
�W

H�M
�W

2HDM calculation

Type II Two-Higgs-Doublet Model

Approximations in the 2HDM

Manuel Franco Sevilla

(Dated: June 11, 2012)

For B → D(∗)!−ν! decays, where ! = e, µ or τ , the q2 spectrum is given in terms of the helicity amplitudes Hi:

dΓ(B → D(∗)!−ν!)

dq2
=

G2
F
|Vcb|2|p|q2

96π3m2
B

(

1−
m2

!

q2

)2 [

(|H++|
2 + |H−−|

2 + |H00|
2)

(

1 +
m2

!

2q2

)

+
3m2

!

2q2
|H0t|

2

]

. (1)

Due to the spin of the Higgs and the fact that it couples to the mass, H+ contributions are encapsulated in H0t.

Recent papers, like Nierste, Trine, Westhoff (2008) or Tanaka, Watanabe (2010) do all the calculations with the

following expression

H2HDM
s ≈ HSM

s ×

(

1−
tan2β

m2
H+

q2

1∓mc/mb

)

, (2)

which includes some approximations. This is the expression we use. The top sign is for B → D!−ν! decays.

The original Tanaka (1995) paper has the full Type II 2HDM matrix element (which Joanne Hewett confirmed). If

I made the simple calculations right, the effect of the full 2HDM on H0t would then be

H2HDM
0t = HSM

0t ×

(

1−
tan2β × q2

(m2
H+ − q2)(1 ∓mc/mb)

+
q2

(m2
H+ − q2)(mb/mc ∓ 1)

)

. (3)

The average q2 is ∼ 8GeV2, and mb ≈ 5mc (at the same mass scale). Thus, for mH+ > 10GeV Equations 2 and 3

agree at the 2% level.

Going forward (for the PRD for instance), it would be easy to implement the full matrix element for the 2HDM.

But I am not sure if it would be worth it, as it would imply that we have to perform a fully two-dimensional scan of

the tanβ–mH+ space, and we see that B → Xsγ already excludes the regions where the approximations are not valid.

W�(q)
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Type II 2HDM: q2
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For B → D(∗)!−ν! decays, where ! = e, µ or τ , the q2 spectrum is given in terms of the helicity amplitudes Hi:

dΓ(B → D(∗)!−ν!)

dq2
=

G2
F
|Vcb|2|p|q2

96π3m2
B

(

1−
m2

!

q2

)2 [

(|H++|
2 + |H−−|

2 + |H00|
2)

(

1 +
m2

!

2q2

)

+
3m2

!

2q2
|H0t|

2

]

. (1)

Due to the spin of the Higgs and the fact that it couples to the mass, H+ contributions are encapsulated in H0t.

Recent papers, like Nierste, Trine, Westhoff (2008) or Tanaka, Watanabe (2010) do all the calculations with the

following expression

H2HDM
s ≈ HSM

s ×

(

1−
tan2β

m2
H+

q2

1∓mc/mb

)

, (2)

which includes some approximations. This is the expression we use. The top sign is for B → D!−ν! decays.

The original Tanaka (1995) paper has the full Type II 2HDM matrix element (which Joanne Hewett confirmed). If

I made the simple calculations right, the effect of the full 2HDM on H0t would then be

H2HDM
0t = HSM

0t ×

(

1−
tan2β × q2

(m2
H+ − q2)(1 ∓mc/mb)

+
q2

(m2
H+ − q2)(mb/mc ∓ 1)

)

. (3)

The average q2 is ∼ 8GeV2, and mb ≈ 5mc (at the same mass scale). Thus, for mH+ > 10GeV Equations 2 and 3

agree at the 2% level.

Going forward (for the PRD for instance), it would be easy to implement the full matrix element for the 2HDM.

But I am not sure if it would be worth it, as it would imply that we have to perform a fully two-dimensional scan of

the tanβ–mH+ space, and we see that B → Xsγ already excludes the regions where the approximations are not valid.}D⇤b c
qB{ q

H+

S,P,D-waves
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Type II 2HDM: PDFs

PDFs re-calculated in the 
2HDM context

128 CHAPTER 10. RESULTS AND INTERPRETATION

)2 (GeV2
missm

0 5 10

)2
D

en
si

ty
/(G

eV

0

0.05

0.1

0.15

0.2

0 0.5 1 1.5 2

D
en

si
ty

/(G
eV

)

0

0.5

1

1.5 SM
-1 = 0.3 GeVH/m�t
-1 = 0.5 GeVH/m�t
-1 = 1.0 GeVH/m�t

p∗! (GeV)

Figure 10.2: m2
miss and p∗! projections of the D0τν ⇒ D0 PDF for various values of tanβ/mH± . The

symbol tβ/mH refers to tanβ/mH± .

As a result, the expression in Eq. 10.5 is approximately distributed as a χ2 with two degrees of

freedom. For R(D(∗))th = R(D(∗))SM, χ2 = 14.6 which corresponds to a p-value of 6.9 × 10−4.

Thus, the possibility that both the measured R(D) and R(D∗) agree with the SM predictions is

excluded at the 3.4σ level.

10.1 Search for a charged Higgs boson

Since the disagreement with the SM is rather significant, we explore the hypothesis that the excess

in R(D(∗)) can be explained by a charged Higgs boson in the type II 2HDM. We scan the parameter

space of this model by repeating the fit for 20 values of tanβ/mH± in the [0.05, 1.00]GeV−1 range.

For each value of tanβ/mH± , we re-calculate the 8 signal PDFs with the re-weighting described in

Secs. 2.2 and 4.2. Figure 10.2 shows the projections of the D0τν ⇒ D0 PDF for four values of

tanβ/mH± . The curve corresponding to the SM is the PDF used in the nominal SM fit, Fig. C.1.

The m2
miss distribution and the q2 spectrum in Fig. 2.5 have a similar tanβ/mH± dependence.

This is because these variables are related by the expression

m2
miss =

(
pe+e− − pBtag − pD(∗) − p!

)2
= (q − p!)

2 . (10.6)

For large values of tanβ/mH± , the m2
miss distribution shifts to larger values.

As we had seen in Fig. 2.7, the p∗! distribution is significantly impacted by the change in the τ−

polarization. For small values of tanβ/mH± , the Higgs contribution interferes destructively with the

right-handed current of the SM, which increases the proportion of left-handed τ− leptons produced

in B → Dτ−ντ decays. Thus, τ− → &−ντν! decays are more likely to produce the &− in the opposite

direction of the B, and the spectrum of the lepton momentum in the B frame p∗! is harder. For

pBsig

q{ {Higgs impact on m2miss similar to q2

Bsig(pBsig) }D(pD)

H⇤(q)
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B ! D⌧⌫

PDFs re-calculated in the 
2HDM context
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Figure 10.3: Variation of the fitted B → Dτ−ντ (left) and B → D∗τ−ντ (right) yields as a function
of tanβ/mH± . The band indicates the statistical uncertainty of the fit.

large values of tanβ/mH± , the τ− leptons become completely right-handed and the p∗" spectrum

shifts to lower values. The main differences between the p∗" distributions of Fig. 2.7 and Fig. 10.2

are due to the reconstruction efficiency, which decreases rapidly for leptons with less than 1 GeV in

the laboratory frame.

The variation of the fitted signal yields as a function of tanβ/mH± is shown in Fig. 10.3. The re-

sults are obtained at 0.05GeV−1 intervals of tanβ/mH± , and interpolated with cubic splines for inter-

mediate values of tanβ/mH± . The sharp drop in the B → Dτ−ντ yield at tanβ/mH± ≈ 0.4GeV−1

is due to the large shift in the m2
miss distribution that happens when the Higgs contributions dom-

inates the total rate. Comparing the D channels of the nominal fit in Fig. 10.4 to the fit for

tanβ/mH± = 1GeV−1 in Fig. 10.5, it is clear that the data do not support the m2
miss shift to

higher values. The p-value of the m2
miss distribution drops from 25.89% in the SM to 0.03% for

tanβ/mH± = 1GeV−1.

The q2 spectrum of B → D∗τ−ντ decays (Fig. 2.5) is less affected by Higgs contributions than

the spectrum of B → Dτ−ντ decays. As a result, there is less variation in the B → D∗τ−ντ PDFs,

and the variation in the fitted yields is also smoother. The irregularity at tanβ/mH± ∼ 0.4GeV−1

is due to the large negative correlation with the B → Dτ−ντ yield.

We re-calculate the value of the efficiency ratio εsig/εnorm for each value of tanβ/mH± (Fig. 10.6).

The efficiency increases up to 8% for large values of tanβ/mH± . As we discussed in Sec. 4.2, the

Higgs contributions increase the dispersion of the weights applied to the MC simulation, and, as a

result, the statistical uncertainty on the efficiency increases significantly for large tanβ/mH± . The

band in Fig. 10.6 illustrates the increase in relative uncertainty

√(
σ(ε2HDM)

ε2HDM

)
−
(
σ(εSM)

εSM

)
=

√√√√
∑(

w2HDM
i

)2
(∑

w2HDM
i

)2 −
∑(

wSM
i

)2
(∑

wSM
i

)2 . (10.7)

Fitted yields
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Figure 10.6: Variation of the B → Dτ−ντ (left) and B → D∗τ−ντ (right) efficiency in the 2HDM
with respect to the SM efficiency. The increase in uncertainty is calculated with Eq. 10.7.

Figure 10.7 compares the results of the measurement of R(D(∗))2HDM with the predicted rates

in the type II 2HDM. The normalization yields are roughly constant in the full tanβ/mH± range,

so the measured R(D(∗)) are approximately given by the ratio of Fig. 10.3 to Fig. 10.6.

The increase in the uncertainty on the PDFs and the efficiency ratio due to the 2HDM re-

weighting is estimated for each value of tanβ/mH± . The other sources of systematic uncertainty are

kept constant in relative terms. The total uncertainty on R(D(∗))2HDM is thus expressed as

σ(R(D(∗))2HDM) =

√

σ2
stat,2HDM +

(
σ∗
sys,SM

R(D(∗))2HDM

R(D(∗))SM

)2

+ σ2
eff + σ2

PDF , (10.8)

where σstat,2HDM is the statistical uncertainty given by each of the 20 fits, σ∗
sys,SM is the systematic

uncertainty on the SM results excluding the statistical uncertainty on the efficiency and PDFs, and

σeff (σPDF) is the statistical uncertainty on the efficiency (PDFs) in the 2HDM context. The latter

are estimated as

σ2HDM
eff,PDF

R(D(∗))2HDM
=

σSM
eff,PDF

R(D(∗))SM
×

√∑
(w2HDM

i )2
∑

w2HDM
i√∑
(wSM

i )2
∑

wSM
i

. (10.9)

This expression simply scales the relative SM uncertainty by the increase in the dispersion of the

weights (
∑

wi)
2. It is trivial for σeff , given that σSM

eff = R(D(∗))SM×
√∑(

wSM
i

)2
/
∑

wSM
i , but it is

useful to estimate the increase in the PDF uncertainty. This assumes that 100% of this uncertainty

is due to the signal PDFs, which is clearly conservative. The dispersion of the weights increases 50%

for tanβ/mH± = 1GeV−1, so, for instance, the systematic uncertainty on R(D) due to the statistical

uncertainty on the PDFs increases from 4.4% in the SM to 6.6% for tanβ/mH± = 1GeV−1. The

total uncertainty is still dominated by the fit uncertainty.

Efficiency
B ! D⌧⌫⌧ B ! D⇤⌧⌫⌧

)2 (GeV2
missm

0 5 10

)2
D

en
sit

y/
(G

eV

0

0.05

0.1

0.15

0.2

p
0 0.5 1 1.5 2

D
en

sit
y/

(G
eV

)

0

0.5

1

1.5 SM
-1 = 0.3 GeVH/m`t
-1 = 0.5 GeVH/m`t
-1 = 1.0 GeVH/m`t

B ! D⌧⌫

PDFs re-calculated in the 
2HDM context

)2 (GeV2
missm

0 5 10

)2
D

en
sit

y/
(G

eV

0

0.1

0.2

p
0 0.5 1 1.5 2

D
en

sit
y/

(G
eV

)

0

0.5

1

1.5

p⇤
` (GeV)

m2
miss (GeV2)

)2 (GeV2
missm

0 5 10

)2
D

en
sit

y/
(G

eV

0

0.1

0.2

p
0 0.5 1 1.5 2

D
en

sit
y/

(G
eV

)

0

0.5

1

1.5

)2 (GeV2
missm

0 5 10

)2
D

en
sit

y/
(G

eV

0

0.1

0.2

p
0 0.5 1 1.5 2

D
en

sit
y/

(G
eV

)

0

0.5

1

1.5

)2 (GeV2
missm

0 5 10

)2
D

en
sit

y/
(G

eV

0

0.1

0.2

p
0 0.5 1 1.5 2

D
en

sit
y/

(G
eV

)

0

0.5

1

1.5



SlideB ! D(⇤)⌧⌫Manuel Franco Sevilla


u
�
c
s

�

b

�

6

εsig/εnorm is the ratio of their efficiencies derived from366

simulations. Table I shows the results of the fits for the367

four individual samples as well as an additional fit in368

which we impose the isospin relationsR(D0) = R(D+) ≡369

R(D) and R(D∗0) = R(D∗+) ≡ R(D∗). The statistical370

correlations are −0.59 for R(D0) and R(D∗0), −0.23 for371

R(D+) and R(D∗+), and −0.45 for R(D) and R(D∗).372

We have verified that the values of R(D(∗)) from fits to373

samples corresponding to different run periods are con-374

sistent. We repeated the analysis varying the selection375

criteria over a wide range, corresponding to changes in376

the signal-to-background ratios between 0.3 and 1.3, and377

also arrive at consistent values of R(D(∗)).378

The largest systematic uncertainty affecting the fit re-379

sults is due to the poorly understood B → D∗∗("/τ)ν380

background. The PDFs that describe this contribution381

are impacted by the uncertainty on the branching frac-382

tions of the four B → D∗∗"ν decays, the relative π0/π±
383

efficiency, and the branching fraction ratio of B → D∗∗τν384

to B → D∗∗"ν decays. These effects contribute to an385

uncertainty of 2.1% on R(D) and 1.8% on R(D∗). We386

also repeated the fit including an additional floating com-387

ponent with the distributions of B → D(∗)η"ν, non-388

resonant B → D(∗)π(π)"ν, and B → D∗∗(→ D(∗)ππ)"ν389

decays. The B → D∗∗("/τ)ν background is tightly con-390

strained by the D(∗)π0" samples, and, as a result, all391

these fits yield similar values for R(D(∗)). We assign the392

observed variation as a systematic uncertainty, 2.1% for393

R(D) and 2.6% for R(D∗).394

We also account for the impact of the uncertainties395

described above on the relative efficiency of the B →396

D∗∗("/τ)ν contributions to the signal and D(∗)π0" sam-397

ples. In addition, the BDT selection introduces an un-398

certainty that we estimate as 100% of the efficiency cor-399

rection that we determined from control samples. These400

effects result in uncertainties of 5.0% and 2.0% on R(D)401

and R(D∗), respectively.402

The largest remaining uncertainties are due to the con-403

tinuum and BB backgrounds (4.9% on R(D) and 2.7%404

on R(D∗)), and the PDFs for the signal and normaliza-405

tion decays (4.3% and 2.1%). The uncertainties in the ef-406

ficiency ratios εsig/εnorm are 2.6% and 1.6%; they do not407

affect the significance of the signal and are dominated by408

the limited size of the MC samples. Uncertainties due409

to the FFs, particle identification, final-state radiation,410

soft-pion reconstruction, and others related to the detec-411

tor performance largely cancel in the ratio, contributing412

only about 1%. The individual systematic uncertainties413

are added in quadrature to define the total systematic414

uncertainty, reported in Table I.415

There is a positive correlation between some of the416

systematic uncertainties on R(D) and R(D∗), and, as a417

result the correlation of the total uncertainties is reduced418

to −0.48 forR(D0) andR(D∗0), to −0.15 forR(D+) and419

R(D∗+), and to −0.27 for R(D) and R(D∗).420

The statistical significance of the signal is determined421
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FIG. 2. (Color online) Comparison of the results of this anal-
ysis (light grey, blue) with predictions that include a charged
Higgs boson of type II 2HDM (dark grey, red). The SM cor-
responds to tanβ/mH+ = 0.

as Σstat =
√

2∆(lnL), where ∆(lnL) is the change in422

the log-likelihood between the nominal fit and the no-423

signal hypothesis. The statistical and dominant system-424

atic uncertainties are Gaussian. The overall significance425

is determined by scaling the statistical significance with426

the total uncertainty, Σtot = Σstat×σstat/
√

σ2
stat + σ∗2

syst.427

Here, σstat is the statistical uncertainty and σ∗
syst is the428

total systematic uncertainty affecting the fit. The signif-429

icance of the B → Dτ−ντ signal is 6.8σ, the first such430

measurement exceeding 5σ.431

To compare the measured R(D(∗)) with the SM pre-432

dictions we have updated the calculations in Refs. [8, 31]433

taking into account recent FF measurements. Averaged434

over electrons and muons, we find R(D)SM = 0.297 ±435

0.017 and R(D∗)SM = 0.252±0.003. At this level of pre-436

cision, additional uncertainties could contribute [8], but437

the experimental uncertainties are expected to dominate.438

Our measurements exceed the SM predictions for439

R(D) and R(D∗) by 2.0σ and 2.7σ, respectively. The440

combination of these results, including their −0.27 cor-441

relation, yields χ2 = 14.6 for two degrees of freedom,442

corresponding to a p-value of 6.9× 10−4. Thus, the pos-443

sibility of both the measured R(D) and R(D∗) agreeing444

with the SM predictions is excluded at the 3.4σ level [32].445

Figure 2 shows the effect that a charged Higgs boson446

of the type II 2HDM [7, 33] would have on R(D) and447

R(D∗) in terms of the ratio of the vacuum expectation448

values tanβ ≡ v2/v1, and the mass of the charged Higgs449

mH+ . We estimate the effect of the 2HDM on our mea-450

surements by re-weighting the simulated events at the451

matrix element level for 20 values of tanβ/mH+ over the452

[0.05, 1]GeV−1 range. We then repeat the fit with up-453

dated PDF shapes and εsig/εnorm values. The increase454

in the uncertainty on the PDFs and the efficiency ra-455

Type II 2HDM scan
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in the full 2HDM parameter space
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Table 1: Previous measurements of B → D(∗)τ−ντ . Σ is the total significance of the signal yield. Belle 2007 and
2010 measured B(B → D(∗)τ−ντ ) instead of R(D(∗)), so B(B → D(∗)$−ντ ) values found in ? were used to calculate
R(D(∗)).

Belle, 2007 BABAR, 2008 Belle, 2010

535M BB pairs 232M BB pairs 657M BB pairs

Mode Events Σ(σ) Events Σ(σ) Events Σ(σ)

B → Dτ−ντ — — 67± 19 3.6 146± 42 3.5

B → D∗τ−ντ 60± 12 5.2 101± 19 6.2 446± 57 8.1

R(D) =

{

0.440± 0.072 BABAR

0.297± 0.017 SM
(1)

R(D∗) =

{

0.332± 0.030 BABAR

0.252± 0.003 SM
(2)

0.44± 0.02 GeV�1

tan�/mH+ =

0.75± 0.04 GeV�1

tan�/mH+ =

R(D)0.2 0.4 0.6

R(
D

*)

0.3
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SM
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Figure 1: Values of R(D(∗)) and its total uncertainties.

Table 1: Previous measurements of B → D(∗)τ−ντ . Σ is the total significance of the signal yield. Belle 2007 and
2010 measured B(B → D(∗)τ−ντ ) instead of R(D(∗)), so B(B → D(∗)$−ντ ) values found in ? were used to calculate
R(D(∗)).

Belle, 2007 BABAR, 2008 Belle, 2010

535M BB pairs 232M BB pairs 657M BB pairs

Mode Events Σ(σ) Events Σ(σ) Events Σ(σ)

B → Dτ−ντ — — 67± 19 3.6 146± 42 3.5

B → D∗τ−ντ 60± 12 5.2 101± 19 6.2 446± 57 8.1

R(D(∗)) =
B(B → D(∗)τ−ντ )

B(B → D(∗)$−ν")
=

Nsig

Nnorm
×

εnorm
εsig

(1)

R(D) =

{

0.440± 0.072 BABAR

0.297± 0.017 SM
(2)

R(D∗) =

{

0.332± 0.030 BABAR

0.252± 0.003 SM
(3)
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Figure 8.4: Likelihood scan over the two signal yields. Only statistical uncertainties are included.
The white cross corresponds to the fitted values, 298 for Dτν and 332 for D∗τν, and the black cross
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disagreement is 6.0σ significant.

which neglects the small correlations between the signal and normalization yields. The discrepancy

between the measured yields and the SM predictions is 6.0σ significant.

In order to check the compatibility of the measured R(D) and R(D∗) with the 2HDM we combine

the statistical, systematic and theoretical uncertainties in the following quantity

χ2(tanβ/mH+) = (∆(D),∆(D∗))

(
σ2
exp + σ2

th ρ σexpσ∗
exp

ρ σexpσ∗
exp σ∗2

exp + σ∗2
th

)−1 (
∆(D)

∆(D∗)

)
, (8.10)

which, for Gaussian uncertainties, is distributed as a χ2 with two degrees of freedom. Here,

∆(D(∗)) = R(D(∗))exp −R(D(∗))th, and ρ is the total correlation between the experimental results,

ρ(R(D), R(D∗)) = −0.30.

For tanβ/mH+ = 0 (no charged Higgs) we have χ2 = 15.99 for two degrees of freedom, which

corresponds to a p-value of 3.4× 10−4 as Fig. 8.5 shows. Thus, the possibility of both the measured

R(D) and R(D∗) agreeing with the SM predictions is excluded at the 3.6σ level. The 2HDM type II

is excluded by these measurements in the full tanβ-mH+ phase space with a probability of at least

at 99.6%.

We note that a 2HDM Higgs would significantly impact the q2 spectrum of B → Dτ−ντ , and

the values of R(D(∗)) that we have obtained have SM assumptions. The actual exclusion probability

should be somewhat different. In any case, the point with tanβ/mH+ = 0.5 was already excluded by

other measurements, like B → τν. The region to which our measurements contribute to exclude the

2HDM is for low values of tanβ/mH+ , where the q2 is less affected, and thus, the values of R(D(∗))

that we measured do not change significantly.

�(D(⇤)) = R(D(⇤))exp � R(D(⇤))2HDM
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The measured values ofR(D) andR(D∗) agree with the predictions of this particular Higgs model

for tanβ/mH± = 0.44 ± 0.02GeV−1 and tanβ/mH± = 0.75 ± 0.04GeV−1, respectively. However,

these two values are incompatible and the combination of R(D) and R(D∗) using Eq. 10.5 excludes

the type II 2HDM charged Higgs boson with a 99.8% confidence level for any value of tanβ/mH±

(Fig. 10.8). This calculation is only valid for values of mH± greater than about 15GeV (Sec. 2.2).

The region for mH± ≤ 15GeV has already been excluded by B → Xsγ measurements [29], and,

therefore, the type II 2HDM is excluded in the full tanβ–mH± parameter space.
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The measured values ofR(D) andR(D∗) agree with the predictions of this particular Higgs model

for tanβ/mH± = 0.44 ± 0.02GeV−1 and tanβ/mH± = 0.75 ± 0.04GeV−1, respectively. However,

these two values are incompatible and the combination of R(D) and R(D∗) using Eq. 10.5 excludes

the type II 2HDM charged Higgs boson with a 99.8% confidence level for any value of tanβ/mH±

(Fig. 10.8). This calculation is only valid for values of mH± greater than about 15GeV (Sec. 2.2).

The region for mH± ≤ 15GeV has already been excluded by B → Xsγ measurements [29], and,

therefore, the type II 2HDM is excluded in the full tanβ–mH± parameter space.

Type II 2HMD excluded at 99.8%, or equivalently, 3.1σ 
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Approximations in the 2HDM

Manuel Franco Sevilla

(Dated: June 11, 2012)

For B → D(∗)!−ν! decays, where ! = e, µ or τ , the q2 spectrum is given in terms of the helicity amplitudes Hi:

dΓ(B → D(∗)!−ν!)

dq2
=

G2
F
|Vcb|2|p|q2

96π3m2
B

(

1−
m2

!

q2

)2 [

(|H++|
2 + |H−−|

2 + |H00|
2)

(

1 +
m2

!

2q2

)

+
3m2

!

2q2
|H0t|

2

]

. (1)

Due to the spin of the Higgs and the fact that it couples to the mass, H+ contributions are encapsulated in H0t.

Recent papers, like Nierste, Trine, Westhoff (2008) or Tanaka, Watanabe (2010) do all the calculations with the

following expression

H2HDM
s ≈ HSM

s ×

(

1−
tan2β

m2
H+

q2

1∓mc/mb

)

, (2)

which includes some approximations. This is the expression we use. The top sign is for B → D!−ν! decays.

The original Tanaka (1995) paper has the full Type II 2HDM matrix element (which Joanne Hewett confirmed). If

I made the simple calculations right, the effect of the full 2HDM on H0t would then be

H2HDM
0t = HSM

0t ×

(

1−
tan2β × q2

(m2
H+ − q2)(1 ∓mc/mb)

+
q2

(m2
H+ − q2)(mb/mc ∓ 1)

)

. (3)

The average q2 is ∼ 8GeV2, and mb ≈ 5mc (at the same mass scale). Thus, for mH+ > 10GeV Equations 2 and 3

agree at the 2% level.

Going forward (for the PRD for instance), it would be easy to implement the full matrix element for the 2HDM.

But I am not sure if it would be worth it, as it would imply that we have to perform a fully two-dimensional scan of

the tanβ–mH+ space, and we see that B → Xsγ already excludes the regions where the approximations are not valid.}D⇤b c
qB{ q

H+

S,P,D-waves

S-wave P-wave

B ! D⌧⌫ B ! D⇤⌧⌫

-waves
94% P
6% S

n P-waves have lower q2 
spectra, due to p2D

n B→Dτν more affected 
by NP than B→D*τν 
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εsig/εnorm is the ratio of their efficiencies derived from366

simulations. Table I shows the results of the fits for the367

four individual samples as well as an additional fit in368

which we impose the isospin relationsR(D0) = R(D+) ≡369

R(D) and R(D∗0) = R(D∗+) ≡ R(D∗). The statistical370

correlations are −0.59 for R(D0) and R(D∗0), −0.23 for371

R(D+) and R(D∗+), and −0.45 for R(D) and R(D∗).372

We have verified that the values of R(D(∗)) from fits to373

samples corresponding to different run periods are con-374

sistent. We repeated the analysis varying the selection375

criteria over a wide range, corresponding to changes in376

the signal-to-background ratios between 0.3 and 1.3, and377

also arrive at consistent values of R(D(∗)).378

The largest systematic uncertainty affecting the fit re-379

sults is due to the poorly understood B → D∗∗("/τ)ν380

background. The PDFs that describe this contribution381

are impacted by the uncertainty on the branching frac-382

tions of the four B → D∗∗"ν decays, the relative π0/π±
383

efficiency, and the branching fraction ratio of B → D∗∗τν384

to B → D∗∗"ν decays. These effects contribute to an385

uncertainty of 2.1% on R(D) and 1.8% on R(D∗). We386

also repeated the fit including an additional floating com-387

ponent with the distributions of B → D(∗)η"ν, non-388

resonant B → D(∗)π(π)"ν, and B → D∗∗(→ D(∗)ππ)"ν389

decays. The B → D∗∗("/τ)ν background is tightly con-390

strained by the D(∗)π0" samples, and, as a result, all391

these fits yield similar values for R(D(∗)). We assign the392

observed variation as a systematic uncertainty, 2.1% for393

R(D) and 2.6% for R(D∗).394

We also account for the impact of the uncertainties395

described above on the relative efficiency of the B →396

D∗∗("/τ)ν contributions to the signal and D(∗)π0" sam-397

ples. In addition, the BDT selection introduces an un-398

certainty that we estimate as 100% of the efficiency cor-399

rection that we determined from control samples. These400

effects result in uncertainties of 5.0% and 2.0% on R(D)401

and R(D∗), respectively.402

The largest remaining uncertainties are due to the con-403

tinuum and BB backgrounds (4.9% on R(D) and 2.7%404

on R(D∗)), and the PDFs for the signal and normaliza-405

tion decays (4.3% and 2.1%). The uncertainties in the ef-406

ficiency ratios εsig/εnorm are 2.6% and 1.6%; they do not407

affect the significance of the signal and are dominated by408

the limited size of the MC samples. Uncertainties due409

to the FFs, particle identification, final-state radiation,410

soft-pion reconstruction, and others related to the detec-411

tor performance largely cancel in the ratio, contributing412

only about 1%. The individual systematic uncertainties413

are added in quadrature to define the total systematic414

uncertainty, reported in Table I.415

There is a positive correlation between some of the416

systematic uncertainties on R(D) and R(D∗), and, as a417

result the correlation of the total uncertainties is reduced418

to −0.48 forR(D0) andR(D∗0), to −0.15 forR(D+) and419

R(D∗+), and to −0.27 for R(D) and R(D∗).420

The statistical significance of the signal is determined421
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R
(D

)
R
(D

∗
)

tanβ/mH+ (GeV−1)

FIG. 2. (Color online) Comparison of the results of this anal-
ysis (light grey, blue) with predictions that include a charged
Higgs boson of type II 2HDM (dark grey, red). The SM cor-
responds to tanβ/mH+ = 0.

as Σstat =
√

2∆(lnL), where ∆(lnL) is the change in422

the log-likelihood between the nominal fit and the no-423

signal hypothesis. The statistical and dominant system-424

atic uncertainties are Gaussian. The overall significance425

is determined by scaling the statistical significance with426

the total uncertainty, Σtot = Σstat×σstat/
√

σ2
stat + σ∗2

syst.427

Here, σstat is the statistical uncertainty and σ∗
syst is the428

total systematic uncertainty affecting the fit. The signif-429

icance of the B → Dτ−ντ signal is 6.8σ, the first such430

measurement exceeding 5σ.431

To compare the measured R(D(∗)) with the SM pre-432

dictions we have updated the calculations in Refs. [8, 31]433

taking into account recent FF measurements. Averaged434

over electrons and muons, we find R(D)SM = 0.297 ±435

0.017 and R(D∗)SM = 0.252±0.003. At this level of pre-436

cision, additional uncertainties could contribute [8], but437

the experimental uncertainties are expected to dominate.438

Our measurements exceed the SM predictions for439

R(D) and R(D∗) by 2.0σ and 2.7σ, respectively. The440

combination of these results, including their −0.27 cor-441

relation, yields χ2 = 14.6 for two degrees of freedom,442

corresponding to a p-value of 6.9× 10−4. Thus, the pos-443

sibility of both the measured R(D) and R(D∗) agreeing444

with the SM predictions is excluded at the 3.4σ level [32].445

Figure 2 shows the effect that a charged Higgs boson446

of the type II 2HDM [7, 33] would have on R(D) and447

R(D∗) in terms of the ratio of the vacuum expectation448

values tanβ ≡ v2/v1, and the mass of the charged Higgs449

mH+ . We estimate the effect of the 2HDM on our mea-450

surements by re-weighting the simulated events at the451

matrix element level for 20 values of tanβ/mH+ over the452

[0.05, 1]GeV−1 range. We then repeat the fit with up-453

dated PDF shapes and εsig/εnorm values. The increase454

in the uncertainty on the PDFs and the efficiency ra-455

0      0.2     0.4     0.6
tan�/mH (GeV�1)
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Summary
n Improved B → D(*)τν uncertainty more than 2x

nNew Belle/BaBar results (semileptonic tag, τ→πντ) soon: confirmation?

41

R(D)
0.2 0.4 0.6 0.8

BaBar 2008
 0.13±0.42 

Belle 2009
 0.16±0.59 

Belle 2010
 0.11±0.35 

BaBar 2012
 0.072±0.440 

SM Aver.

R(D*)
0.3 0.4 0.5 0.6

Belle 2007
 0.12±0.44 

BaBar 2008
 0.06±0.30 

Belle 2009
 0.10±0.47 

Belle 2010
 0.08±0.43 

BaBar 2012
 0.030±0.332 

SM Aver.

232M BB

657M BB

535M BB

471M BB

657M BB

Average Belle/
BaBar 2012

R(D) R(D*) R(D)/R(D*) q2 spectrum

SM ✗ (2.0 σ) ✗ (2.7 σ) ✗ (3.4 σ) ✓
Type II 2HDM ✓ ✓ ✗ (3.1 σ) ~

Type III 2HDM ✓ ✓ ✓ ~

Non-0 spin NP ✓ ✓ ✓ ✓

PRL 109, 101802 (2012)
hep-ex: 1303.0571

Average Belle/
BaBar 2012
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Fit PDFs: Uncertainty
n In PDF estimation, Mean Squared Error

n Variance term due to limited amount of statistics

n Bias term due to inadequacies of your model

n Difficult to estimate

n With non-parametric, easy to trade Bias for Variance
n Estimate Variance with Bootstrap algorithm

43

MSE[p̂(X;Xi)] = E
h
(p̂(X;Xi)� p(X))2

i
= Var[p̂]+Bias[p̂]2

Bias[p̂] = E [p̂(X)]� p(X)

Var[p̂] = E
h
(p̂(X)� E[p̂(X)])2

i
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Stability checks
n Results consistent for large variations of BDT requirements

44
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Systematic uncertainties
n Largest uncertainty due to B→D**(ℓ/τ)ν background
n Peaks are well described

n Some excess at m2miss ~ 1-2 GeV2

45
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106 CHAPTER 8. SYSTEMATIC UNCERTAINTIES
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Figure 8.8: m2
miss and p∗! distributions of B → D∗∗!ν and B → D∗∗τν decays in the D(∗)π0

samples, all channels combined. The numbers in the legend indicate the expected yields in data.
The histograms are normalized to 1000 entries.
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Figure 8.9: m2
miss and p∗! distributions of B → D∗∗!ν, B → D∗∗τν and signal decays in the D(∗)!

samples, all channels combined. The numbers in the legend indicate the expected yields in data.
The histograms are normalized to 1000 entries.

The simulated events are re-weighted, the PDFs re-calculated, and the fit repeated for each set

of form factors. We estimate the uncertainty as the standard deviation of the R(D(∗)) distribution.

8.2 Cross-feed constraints

In this section we estimate the uncertainty on the cross-feed constraints. These are the constraints

used in the fit to link different components from the same source reconstructed in different channels,

such as D0τν ⇒ D0 and D0τν ⇒ D∗0. They are computed as the ratio between the number of

expected events in the respective channels.
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the isospin-constrained fit for the SM. Center: sample with 0.5 < Eextra < 1.2GeV and 5.27 < mES < 5.29GeV. Right: sample
satisfying the BDT requirements in the 5.20 < mES < 5.26GeV region. The data/MC plots show a fourth order polynomial fit
and the total systematic uncertainty considered. The simulation in the control samples is normalized to the number of events
in data. See Fig. 15 for a legend.
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where the first uncertainty is statistical and the second1434

systematic. These results supersede the previous BABAR1435

measurements [14]. Improvements of the event selec-1436

tion have increased the reconstruction efficiency of signal1437

events by more than a factor of 3, and the overall statis-1438

tical uncertainty has been reduced by more than a factor1439

of 2.1440

Table X shows the results of previous B → D(∗)τ−ντ1441

analyses. In 2007 and 2010, the Belle collaboration1442

measured the absolute B → D(∗)τ−ντ branching frac-1443
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maximum value is 1. The efficiency data for the signal are adjusted so that they overlap with the data for normalization decays
in the central part of the q2 range. The signal efficiencies with and without the m2

miss cut have the same scale.
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TABLE VIII. Results of the isospin-unconstrained (top four rows) and isospin-constrained fits (last two rows). The columns
show the signal and normalization yields, the ratio of their efficiencies, R(D(∗)), the signal branching fractions, and Σstat

and Σtot, the statistical and total significances of the measured signal yields. Where two uncertainties are given, the first is
statistical and the second is systematic. The second and third uncertainties on the branching fractions B(B → D(∗)τ−ντ )
correspond to the systematic uncertainties due to R(D(∗)) and B(B → D(∗)!−ν!), respectively. The stated branching fractions
for the isospin-constrained fit refer to B− decays.

Decay Nsig Nnorm εsig/εnorm R(D(∗)) B(B → D(∗)τν) (%) Σstat Σtot

B−→ D0τ−ντ 314 ± 60 1995 ± 55 0.367 ± 0.011 0.429 ± 0.082 ± 0.052 0.99 ± 0.19 ± 0.12 ± 0.04 5.5 4.7

B−→ D∗0τ−ντ 639 ± 62 8766 ± 104 0.227 ± 0.004 0.322 ± 0.032 ± 0.022 1.71 ± 0.17 ± 0.11 ± 0.06 11.3 9.4

B0 → D+τ−ντ 177 ± 31 986 ± 35 0.384 ± 0.014 0.469 ± 0.084 ± 0.053 1.01 ± 0.18 ± 0.11 ± 0.04 6.1 5.2

B0 → D∗+τ−ντ 245 ± 27 3186 ± 61 0.217 ± 0.005 0.355 ± 0.039 ± 0.021 1.74 ± 0.19 ± 0.10 ± 0.06 11.6 10.4

B → Dτ−ντ 489 ± 63 2981 ± 65 0.372 ± 0.010 0.440 ± 0.058 ± 0.042 1.02 ± 0.13 ± 0.10 ± 0.04 8.4 6.8

B → D∗τ−ντ 888 ± 63 11953 ± 122 0.224 ± 0.004 0.332 ± 0.024 ± 0.018 1.76 ± 0.13 ± 0.10 ± 0.06 16.4 13.2


